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ABSTRACT: A variety of alkenylzirconocenes were efficiently
carboxylated by CO, utilizing the (IMes)CuCl catalyst yielding the
corresponding @,f-unsaturated carboxylic acids in good yields. This
reaction could be carried out in a one-pot operation via sequential
carbozirconation of alkynes and carboxylation using CO, as starting

materials under room temperature.

a,f-Unsaturated carboxylic acids are important scaffolds widely
existing in pharmacologically and biologically active molecules."
In addition, a,f-unsaturated carboxylic acids have also been
employed as useful building blocks in organic synthesis.” Owing
to the importance of the a,f-unsaturated carboxylic acids,
various synthetic methodologies for their synthesis have been
developed. Traditional methods to yield the a,f-unsaturated
carboxylic acids include utilization of named reactions such as
the Doebner—Knoevenagel reaction,’ Wittig reaction, and
Horner—Wadsworth—Emmons reaction.” Although significant
contributions have been made, use of a strong base or the
formation of a considerable amount of organophosphorous
byproducts such as phosphine oxides and phosphate salts in
these reactions are unavoidable. Recently, the @,f-unsaturated
acids have also been yielded from aldehydes and dibromoacetic
acid with the assistance of an excess amount of Sml,.> Most of
the above-mentioned reactions are noncatalytic and less
stereoselective.

Carbon dioxide (CO,) is an attractive, abundant, inex-
pensive, and nontoxic one-carbon source. The utilization of
CO, as a starting material in organic synthesis has received
much attention.’ In concept, addition of CO, to alkynes could
serve as an efficient synthetic route for construction of the a,f4-
unsaturated carboxylic acids. Recently, transition-metal-medi-
ated hydrocarboxylation of alkynes with CO, have been widely
reported to provide disubstituted a,f-unsaturated carboxylic
acids.”® However, carbocarboxylation of alkynes with CO, to
afford trisubstituted a,f-unsaturated carboxylic acids has been
rarely reported, although methylcarboxylations and allylcarbox-
ylation of alkynes with CO, have been reported.”

It is well-known that the carbometalation reaction of alkynes
can be achieved in a regio- and stereospecific fashion. Various
alkenylmetal species with well-controlled configurations could
be generated in this way, which can serve as carbon
nucleophiles for further formation of functionalized olefins.
Recently, Ma and co-workers reported the Ni-catalyzed
methylcarboxylation of alkynes with ZnMe, and CO, to afford
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a-methylene-y-butyrolactone through a methylzincation/car-
boxylation tandem reaction.'” More recently, Hou and co-
worker reported that a combination of the methylalumination
of alkynes with carboxylation of the resulting alkenylaluminum
species with CO, provides a useful protocol for the synthesis of
a variety of the a,f-unsaturated carboxylic acids.*® All of these
reactions are still limited for introduction of a methyl group to
the S-position of the a,fB-unsaturated carboxylic acids. On the
other hand, Rh-, Ni-, Cu-, and Ag-catalyzed carboxylation of
alkenylboronic esters with CO, have been developed.'' As part
of our studies involving alkenylzirconocene chemistry,'> we
herein describe a sequential carbozirconation of various alkynes
through zirconacycles and subsequent copper-catalyzed carbox-
ylation of the resulting alkenylzirconocenes with CO, to afford
a wide range of trisubstituted a,f-unsaturated carboxylic acids
(Scheme 1).

Scheme 1. Formal Carbocarboxylation of Alkyne by a
Tandem Carbozirconation/Carboxylation
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As we have known, the transmetalation of the C—Zr bond
into the C—Cu bond has been reported and numerous C—C
bond formation reactions have been developed."” These results
encouraged us to examine the carboxylation of alkenylzircono-
cene species with CO, utilizing copper catalysts. At first, we
examined exclusive CuCl-catalyzed carboxylation of the
alkenylzirconocene species 2a, prepared by the ethanolysis of
the corresponding zirconacyclopentene generated from 3-
hexyne 1a and Cp,ZrEt,,'* with CO, (1 atm). The desired
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reaction did not proceed, even at 50 °C (Table 1, entries 1—2).
When a copper complex (IPr)CuCl prepared by the reaction of

Table 1. Carboxylation of Alkenylzirconocene 2a with CO,
by Various Cu Catalysts”

Et i
I szZrE:z szz%j EtoH Et>=<E‘ CO, Et Et
& THF,0°C szzrba Et c:-LEuHOzC -
1a 2a 3a
entry catalyst temp/°C yield/ %"

1 CuCl rt -

2 CuCl 50 -

3 (IPr)CuCl 1t 60

4 (IMes)CuCl rt 86 (70)

“Reaction conditions: alkenylzirconocene 2 prepared in situ from
alkyne (0.5 mmol), Cu-catalyst (0.05 mmol), room temperature, 24 h.
“NMR yield; isolated yield was shown in parentheses.

CuCl and IPr (IPr = 1,3-bis(2,6-diisopropenyl)imidazol-2-
ylidene)'® was used as a catalyst, the carboxylation of 2a with
CO, proceeded smoothly at room temperature for 24 h to
afford the carboxylic acid product 3a in 60% yield (Table 1,
entry 3). Furthermore, the use of the (IMes)CuCl (IMes = 1,3-
dimesitylimidazol-2-ylidene) catalyst instead of (IPr)CuCl led
to a higher yield (86%) of 3a (Table 1, entry 4). Notably, in
contrast with the transition-metal-catalyzed carboxylation of
alkenylboron compounds,'’ this carboxylation of alkenyl-
zirconocene did not require an additional base. It is also
noteworthy that no carboxylated product was observed in the
absence of any copper catalyst in this reaction.

We then examined the carbocarboxylation of a variety of the
alkenylzirconocene species with CO, by using (IMes)CuCl.
Representative results are summarized in Table 2. The
alkenylzirconocenes 2a—2m, which were prepared by alcohol-
ysis of in situ generated zirconacyclopentenes,'® can tolerate
various substituents such as alkyl, aryl, alkynyl, thienyl, and
cyclopropyl groups. In all cases, the corresponding S-alkyl-a,f-
unsaturated carboxylic acids 3a—3m were formed in 49% to
77% isolated yields (entries 1—13).

Various preparative methods of alkenylzirconocenes are now
available, such as allylzirconation and alkenylzirconation of
alkynes.'” For example, when alkenylzirconocene 2n and 20
generated from zirconocene—alkyne complexes and diallyl ester
were adopted, skipped diencarboxylic acids 3n and 30 were
yielded, respectively (Table 3, entries 1—2). When dienylzirco-
nocene ethanolyzed from the corresponding zirconacyclopen-
tadiene was employed, tetrasubstituted diencarboxylic acid 3p
was obtained (entry 3). Furthermore, when alkenylzirconocene
2q and 2r produced by the reaction of the zirconacyclopentene
with ethoxyethene were employed, disubstituted diencarboxylic
acid 3q and 3r were afforded, respectively (entries 4—5). When
alkenylzirconocene 2s and 2t yielded from the zirconocene—
alkyne complex and 4-bromobut-1-ene or 3-chlorobut-1-ene
were subjected, the corresponding a,f-unsaturated carboxylic
acid 3s and 3t were obtained in 65% and 58% yields,
respectively (entries 6—7). In addition, the vinylzirconocene
species 2u resulting from the hydrozuconatlon of alkynes
employing Schwartz’ reagent'® could also proceed in a
carboxylation with CO, under the optimized conditions to
afford the corresponding a,f-unsaturated carboxylic acid 3u

(entry 8).
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Table 2. (IMes)CuCl-Catalyzed Carboxylation of
Alkenylzirconocenes with CO,”

1

R 1 2 1 2
"Cpzrt R R® (IMes)CuCl (10 mol %) .o+ R, R
| CpaZr, R3 CO; (1 atm) HooC R?
R2 OEt THF, t, 24 h
entry alkenylzirconocene product yield/%®?
Et Et Et Et
1 Cp.Z ,: == :El 2a —— 3a 70
P2 r\OEt HO.C  Et
Ph Ph Ph Ph
2 P 2b = 3b 81
CpZZF\OEt Et HO,C Et
p-MeQCgH4 CgHsOMe-p p-MeOCgH, CgHsOMe-p
3 =5 2c — 3c 67
CDQZF\OEt Et HO,C Et
D-C|CGH4 CngCl'P p-ClCqH4 CeHaCl-p
4 — 2d — 3d 52
szzr\OEt Et HOLC Et
PFCeHy  CoHaFp p-FCeHs  CeHaF-p
5 T 2e — 3e 46
szzr\OEt Et Ho, K Et
6 2f Q—P 3 66
Cp;Zr\OEt Et HOLC Et
Ph Me
7 ,: - : 2 3 77
CpZi. Et 9 i, C; : 9
OEt 2
Ph Et
8 )= 2h }—( 3h 57
CpaZr,, Et HO.C Et
OEt 2
Ph
9 >=2> 2 P >_j> 3 72
Cp22r\OEt Et H02C Et
Me
10 A e 2]
3 73
P s & HO,C
Ph Ph
Ph Ph 50
1 2k >=(_/ 3k
szzr\OEl Et HOzc Et
Ph
e 62
*? CpaZr, 4 HO,C ;
OEt Me
13 CpQZr>_(—\ HO;CH—\ 49

“Reaction conditions: alkenylzirconocene 2 prepared in situ from

alkyne (0.5 mmol), (IMes)CuCl (0.05 mmol).

On the basis of the results, a possible reaction mechanism of
the present catalytic carboxylation of alkenylzirconocene
species with CO, is illustrated in Scheme 2. First, trans-
metalation from the Zr—C bond to the Cu—C bond occurs to
yield alkenylcopper species 4. Then nucleophilic addition of the
alkenylcopper 4 to CO, produces copper carboxylate S, which
upon metathesis with the alkenylzirconocene species 2 could
regenerate alkenylcopper 4 and release zirconocene salt 6. The
zirconocene salt 6 would generate the a,f-unsaturated
carboxylic acid 3 after hydrolysis.

DOI: 10.1021/acs.orglett.5b02619
Org. Lett. 2015, 17, 5112-5115



Organic Letters

Table 3. (IMes)CuCl-Catalyzed Carboxylation of
Alkenylzirconocenes with CO,”

entry alkenylzirconocene product yield/%®
P Ph Ph Ph
1 cpzzlr 2n HO,C 3n 73
Qallyl \ \
Et Et Et Et
2 szz'; 20 HO,C 3o 76
Oallyl \
Et Et Et Et
3 chZr,>_%EIZP HO;,C)_}fEt 3p 61
EtO
Et Et
Ph Ph Ph Bh
4 = 2q )=<_ 3q 52
Cpa2r = —
5\ H
OEt 00
Et Et Et Et
5 P 2r — 3r 45
CDZZT\ — HO >_<=
PhOEt Ph e
6 >=(_<]zs ph)—<Ph B 6
CpaZr B
\ HO.
Br 2L
Ph Ph Ph Bh
7 — 2t — 3t 58
CpaZr \
N HO.
ol Me 1OF N e
/=/Ph » /_/Ph
8 u — 3u 48
szz'\CI HOLC

“Reaction conditions: alkenylzirconocene 2 prepared in situ from
alkyne (0.5 mmol), (IMes)CuCl (0.05 mmol), CO, (1 atm), room
temperature, 24 h.

Scheme 2. A Possible Mechanism for (NHC)CuCl-Catalyzed
Carboxylation of Alkenylzirconocene with CO,
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In summary, we have developed the (NHC)CuC-catalyzed
carboxylation reaction of alkenylzirconocenes with CO, under
mild conditions. As the alkenylzirconocenes are easily available
from carbozirconation of alkynes, various trisubstituted a,f-
unsaturated carboxylic acids are prepared in this reaction.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.5b02619.

5114

Full experiment procedure, spectra data, and NMR charts
(PDF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: cjxi@tsinghua.edu.cn.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (21472106 and 21272132) and the
National Key Basic Research Program of China (973 program)
(2012CB933402).

B REFERENCES

(1) (a) Réller, H.; Dahm, K. H.; Sweely, C. C.; Trost, B. M. Angew.
Chem., Int. Ed. Engl. 1967, 6, 179. (b) Fuller, A. T.; Mellows, G;
Woolford, M.; Banks, G. T.; Barrow, K. D.; Chain, E. B. Nature 1971,
234, 416. (c) Chain, E. B.; Mellows, G. J. Chem. Soc,, Chem. Commun.
1974, 847. (d) Tsuboi, T.; Hatano, N.; Nakatsuji, K; Fujitani, B;
Yoshida, K.; Shimizu, M.; Kawasaki, A.; Sakata, M.; Tsuboshi-ma, M.
Adv. Prostaglandin Thromboxane Res. 1980, 6, 347.

(2) (a) Maryanoff, B. E,; Reitz, A. B. Chem. Rev. 1989, 89, 863.
(b) Kelly, S. E. Comprehensive Organic Synthesis; Pergamon Press:
Oxford, 1991; Vol. 1, p 729.

(3) (a) Knoevenagel, E. Ber. Dtsch. Chem. Ges. 1894, 27, 234S.
(b) Doebner, O. Ber. Dtsch. Chem. Ges. 1900, 33, 2140. (c) Kingsbury,
C. A; Max, G. J. Org. Chem. 1978, 43, 3131. (e) Jones, G. Org. React.
1967, 15, 204. (f) Jessup, P. J; Petty, C. B.; Roos, J.; Overman, L. E.
Org. Synth. 1979, 59, 1. (g) Augustine, ]. K; Naik, Y. A.; Mandal, A. B,;
Chowdappa, N.; Praveen, V. B. J. Org. Chem. 2007, 72, 9854.

(4) For some example of the Wittig and HWE reaction, see:
(a) Coutrot, P.; Snoussi, M.; Savignac, P. Synthesis 1978, 1978, 133.
(b) Brittelli, D. R. J. Org. Chem. 1981, 46, 2514. (c) Bestmann, H. J;
Dostalek, R.; Zimmermann, R. Chem. Ber. 1992, 125, 2081. (d) Sano,
S.; Takemoto, Y.; Nagao, Y. ARKIVOC 2003, No. viii, 93.

(S) Concelldn, J. M.; Concellén, C. J. Org. Chem. 2006, 71, 1728.

(6) Selected reviews: (a) Yu, D,; Teong, S. P.; Zhang, Y. Coord.
Chem. Rev. 20185, 293—294, 279. (b) Pinaka, A.; Vougioukalakis, G. C.
Coord. Chem. Rev. 2015, 288, 69. (c) Tsuji, Y.; Fujihara, T. Chem.
Commun. 2012, 48, 9956. (d) Cokoja, M.; Bruckmeier, C.; Rieger, B.;
Herrmann, W. A,; Kiihn, F. E. Angew. Chem,, Int. Ed. 2011, 50, 8510—
8537. (e) Martin, R; Kleij, A. W. ChemSusChem 2011, 4, 1259.
(f) Huang, K; Sun, C.-L; Shi, Z.-J. Chem. Soc. Rev. 2011, 40, 2435.
(g) Aresta, M. Carbon Dioxide as Chemical Feedstock; Wiley-VCH:
Weinheim, 2010. (h) Correa, A,; Martin, R. Angew. Chem., Int. Ed.
2009, 48, 6201. (i) Aresta, M.; Dibene-detto, A. Dalton Trans. 2007,
2975. (j) Sakakura, T.; Choi, J.-C.; Yasuda, H. Chem. Rev. 2007, 107,
2365.

(7) Selected hydrocarboxylation of alkynes using stoichiometric
amounts of metal complexes: (a) Aoki, M,; Kaneko, M.; Izumi, S.;
Ukai, K.; Iwasawa, N. Chem. Commun. 2004, 2568. (b) Six, Y. J. Chem.
Soc. Perkin Trans. 1. 2002, 1159. (c) Saito, S.; Nakagawa, S.; Koizumi,
T.; Hirayama, K;; Yamamoto, Y. J. Org. Chem. 1999, 64, 3975.

(8) Selected metal-catalyzed hydrocarboxylation of alkynes using
CO,: (a) Wang, X.; Nakajima, M.; Martin, R. J. Am. Chem. Soc. 2015,
137, 8924. (b) Takimoto, M.; Hou, Z. Chem. - Eur. J. 2013, 19, 11439.
(c) Zhang, L; Cheng, J.; Carry, B; Hou, Z. J. Am. Chem. Soc. 2012,
134, 14314. (d) Fujihara, T.; Tani, Y.; Semba, K; Terao, J.; Tsuji, Y.
Angew. Chem., Int. Ed. 2012, §1, 11487. (e) Li, S.; Ma, S. Chem. - Asian
J. 2012, 7, 2411. (f) Fujihara, T.; Xu, T.; Semba, K; Terao, J.; Tsuji, Y.
Angew. Chem., Int. Ed. 2011, S0, 523. (g) Li, S; Yuan, W.; Ma, S.
Angew. Chem., Int. Ed. 2011, 50, 2578. (h) Fujihara, T.; Xu, T.; Semba,
K; Terao, J.; Tsuji, Y. Angew. Chem., Int. Ed. 2011, S0, 523.

DOI: 10.1021/acs.orglett.5b02619
Org. Lett. 2015, 17, 5112-5115



Organic Letters

(9) (a) Shimizu, K.; Takimoto, M.; Sato, Y.; Mori, M. Org. Lett. 2005,
7, 195. (b) Takimoto, M.; Shimizu, K;; Mori, M. Org. Lett. 2001, 3,
3345. (c) Yamashita, K; Chatani, N. Synlett 2005, 919.

(10) Li, S;; Ma, S. Org. Lett. 2011, 13, 6046.

(11) (a) Ukai, K; Aoki, M.; Takaya, J.; Iwasawa, N. J. Am. Chem. Soc.
2006, 128, 8706. (b) Takaya, J.; Tadami, S.; Ukai, K.; Iwasawa, N. Org.
Lett. 2008, 10, 2697. (c) Makida, Y.; Marelli, E,; Slawin, A. M. Z,;
Nolan, S. P. Chem. Commun. 2014, 50, 8010. (d) Ohishi, T.; Nishiura,
M.; Hou, Z. Angew. Chem,, Int. Ed. 2008, 47, 5792. (e) Zhang, X,
Zhang, W.-Z.; Shi, L.-L.; Guo, C.-X,; Zhang, L.-L.; Lu, X.-B. Chem.
Commun. 2012, 48, 6292.

(12) (a) Yan, X; Chen, C; Zhou, Y.; Xi, C. Org. Lett. 2012, 14, 4750.
(b) Liu, H; Zhou, Y.; Yan, X; Chen, C; Liu, Q; Xi, C. Org. Lett.
2013, 15, 5174. () Liu, H; Yan, X; Chen, C.; Liu, Q; Xi, C. Chem.
Commun. 2013, 49, 5513. (d) Miyaji, T,; Xi, Z.; Ogasawara, M,;
Nakajima, K.; Takahashi, T. J. Org. Chem. 2007, 72, 8737.

(13) Leading references: (a) Takahashi, T.; Kotora, M.; Kasai, K;
Suzuki, N.; Nakajima, K. Organometallics 1994, 13, 4183. (b) Takaha-
shi, T.; Hara, R;; Nishihara, Y.; Kotora, M. J. Am. Chem. Soc. 1996, 118,
5154. (c) Takahashi, T.; Xi, Z.; Yamazaki, A.; Liu, Y.; Nakajima, K;
Kotora, M. J. Am. Chem. Soc. 1998, 120, 1672. (d) Takahashi, T.; Sun,
W.-H,; Liu, Y,; Nakajima, K; Kotora, M. Organometallics 1998, 17,
3841. (e) Kotora, M.; Xi, C.; Takahashi, T. Tetrahedron Lett. 1998, 39,
4321. (f) Xi, C.; Kotora, M.; Nakajima, K.; Takahashi, T. J. Org. Chem.
2000, 65, 945. (g) Chen, C; Xi, C; Jiang, Y.; Hong, X. J. Am. Chem.
Soc. 2005, 127, 8024. (h) Dufkova, L.; Kotorax, M.; Cisafova, L. Eur. J.
Org. Chem. 2008, 2008, 2491.

(14) Takahashi, T.; Aoyagi, K; Hara, R; Suzuki, N. J. Chem. Soc,
Chem. Commun. 1993, 1042.

(15) Kaur, H; Zinn, F. K; Stevens, E. D.; Nolan, S. P.
Organometallics 2004, 23, 1157.

(16) Barluenga, J.; Su arez-Sobrino, A.; Lopez, L. A. Aldrichimica Acta
1999, 32, 4.

(17) (a) Suzuki, N.; Kondakov, D. Y.; Kageyama, M.; Kotora, M,;
Hara, R.; Takahashi, T. Tetrahedron 1995, 51, 4519. (b) Takahashi, T.;
Kondakov, D. Y,; Xi, Z.; Suzuki, N. J. Am. Chem. Soc. 1995, 117, 5871.

(18) (a) Hart, D. W.; Blackburn, T. F.; Schwartz, J. J. Am. Chem. Soc.
1975, 97, 679. (b) Lipshutz, B. H.; Pfeiffer, S. S.; Noson, K.; Tomioka,
T. In Titanium and Zirconium in Organic Synthesis; Marek, 1, Ed,;
Wiley-VCH: Weinheim, 2002; Chapter 4, p 110.

5115

DOI: 10.1021/acs.orglett.5b02619
Org. Lett. 2015, 17, 5112-5115



